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Centromeres are specified epigenetically by the 
incorporation of the histone H3 variant CENP-A. 
In humans, amphibians, and fungi, CENP-A is de- 
posited at centromeres by the HJURP/Scm3 family of as- 
sembly factors, but homologues of these chaperones are 
absent from a number of major eukaryotic lineages such 
as insects, fish, nematodes, and plants. In Drosophila, 
centromeric deposition of CENP-A requires the fly-specific 
protein CAL1 . Here, we show that targeting CAL1 to 
noncentromeric DNA in Drosophila cells is sufficient 
to heritably recruit CENP-A, kinetochore proteins, and 



microtubule attachments. CAL1 selectively interacts with 
CENP-A and is sufficient to assemble CENP-A nucleo- 
somes that display properties consistent with left-handed 
octamers. The CENP-A assembly activity of CAL1 resides 
within an N-terminal domain, whereas the C terminus 
mediates centromere recognition through an interaction 
with CENP-C. Collectively, this work identifies the "miss- 
ing" CENP-A chaperone in flies, revealing fundamental 
conservation between insect and vertebrate centromere- 
specification mechanisms. 



Introduction 

Centromeres are chromosomal regions that mediate the recruit- 
ment of kinetochores and microtubules during mitotic and mei- 
otic cell divisions, ensuring accurate segregation of genetic 
information. In most eukaryotes, centromeres are defined epi- 
genetically through the incorporation of the centromere-specific 
histone H3 paralogue, CENP-A (Karpen and Allshire, 1997). 
CENP-A is necessary to recruit virtually all centromeric pro- 
teins (Allshire and Karpen, 2008) and is sufficient to seed new 
kinetochores at noncentromeric chromosomal sites (Mendiburo 
et al., 2011). Thus, precise CENP-A deposition is crucial for 
correct genome partitioning. 

Pre-existing CENP-A is distributed equally to sister centro- 
meres during S phase (Jansen et al., 2007; Hemmerich et al., 2008; 
Mellone et al., 201 1), and thus needs to be replenished during each 
cell cycle. A key player in this process is the CENP-A assembly 
factor HJURP (Kato et al., 2007; Foltz et al., 2009; Dunleavy et al., 
2011), which is conserved in tetrapods (Sanchez-Pulido et al., 
2009; Bernad et al., 2011). A homologue, called Scm3, is also 
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present in fungi and choanoflagellates (Camahort et al., 2007; 
Mizuguchi et al., 2007; Staler et al., 2007; Pidoux et al., 2009; 
Sanchez-Pulido et al., 2009). HJURP recognizes CENP-A from 
histone H3 and targets it to centromeres during Gl (Jansen et al., 
2007; Lagana et al., 2010; Moree et al., 2011; Hori et al., 2013). 
Scm3 has also been shown to possess CENP-A/Cse4 assembly ac- 
tivity (Dechassa et al, 201 1 ; Shivaraju et al., 201 1). In human cells, 
HJURP is recruited to the centromere by Misl8BP (Barnhart et al., 
201 1), a subunit of the Mis 18 complex that is essential for CENP-A 
incorporation (Hayashi et al, 2004; Fujita et al., 2007). Misl8BP 
is in turn recruited to centromeres by binding directly to CENP-C, 
a constitutive centromere protein that connects the centromere to 
the kinetochore (Moree et al., 2011; Dambacher et al, 2012) and 
specifically localizes to centromeres through the recognition of 
CENP-A nucleosomes (Carroll et al., 2010). Despite their crucial 
importance, Scm3/HJURP chaperones are not universal among 
multicellular eukaryotes (Sanchez-Pulido et al., 2009). These pro- 
teins are shared between organisms as divergent as Homo sapiens 
and Saccharomyces cerevisiae, which last shared a common ances- 
tor over one billion years ago, indicating that this protein family is 
very old. However, homologues are lacking from the genomes of 
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nematodes, insects, and fish, which suggests that these chaperones 
have been lost multiple times during evolution. 

Along with searches that used protein homology (Sanchez- 
Pulido et al., 2009), a functional screen for CENP-A regulators 
also failed to identify an HJURP/Scm3 homologue in Drosoph- 
ila (Erhardt et al., 2008). A candidate that might fulfill the func- 
tion of HJURP in Drosophila is chromosome alignment defect 1 
(CAL1; Goshima et al., 2007; Erhardt et al., 2008). Depletion 
of CAL1 completely abolishes the centromeric localization of 
CENP-A and CENP-C, resulting in the failure to segregate chro- 
mosomes (Goshima et al., 2007; Erhardt et al., 2008). CENP-A, 
CENP-C, and CAL1 form a chromatin-associated complex, and 
CAL1 and CENP-A are also associated in chromatin-free com- 
plexes, suggesting that CAL1 may play a role in CENP-A centro- 
mere delivery (Erhardt et al., 2008; Mellone et al., 201 1). 

Secondary structure homology prediction servers, such as 
HHPred (Soding et al., 2005) or Phyre2 (Kelley and Sternberg, 
2009), reveal the presence of similarity between an N-terminal 
region of ^40 amino acids in CAL1 and part of the Kluyvero- 
myces lactis "Scm3-domain" (Phansalkar et al., 2012), a 52-amino 
acid region conserved in Scm3 and HJURP, which mediates 
interaction with CENP-A in yeast and humans (Aravind et al., 
2007; Mizuguchi et al., 2007; Sanchez-Pulido et al., 2009; 
Shuaib et al., 2010; Barnhart et al., 2011; Bassett et al., 2012). 
However, the lack of common ancestry between the CAL1 and 
the Scm3/HJURP protein families has led to the proposal that this 
secondary structure similarity may have been acquired through 
convergent evolution (Phansalkar et al., 2012). 

Centromere function is of such importance to organismal 
viability, genome stability, and evolution that a comparative un- 
derstanding of the mechanisms of CENP-A incorporation by its 
specific chaperones is critical in order to distinguish structural 
and functional requirements that are universal to all species from 
those that are lineage specific. In this work, we describe the first 
evolutionarily distinct CENP-A assembly factor. Using ectopic 
protein targeting and in vitro biochemical assays, we demonstrate 
that CAL1 has CENP-A assembly activity and reveal a striking 
mechanistic conservation between the centromere specification 
pathway of Drosophila and that of vertebrates. 

Results 

CAL1 is sufficient: to recruit: CENP-A, 
CENP-C, and NdcBO de novo 

Protein mis-targeting to defined noncentromeric sites has been 
an effective strategy to dissect centromere and kinetochore as- 
sembly in different systems (Barnhart et al., 20ll; Gascoigne 
et al., 20ll; Mendiburo et al., 20ll). If CALl is the functional 
orthologue of yeast Scm3 and vertebrate HJURP, we predicted 
that its mis-targeting to noncentromeric DNA would lead to 
CENP-A incorporation, as observed for HJURP (Barnhart 
et al., 201 1). To determine whether CALl is sufficient to initiate 
the recruitment of CENP-A onto chromatin, we used the LacI/ 
lacO system (Robinett et al., 1996; Mendiburo et al., 20ll). 
CALl was fused to GFP, for visualization purposes, and the Lac 
repressor (LacI), which binds with high affinity to the lac operator 
(lacO), and was expressed under the inducible metallothionein 



promoter (pMT), which is activated upon addition of copper 
sulfate (CuS0 4 ) to the growth medium. The CALl-GFP-LacI 
fusion was expressed in a polyclonal Drosophila Schneider 
(henceforth S2) cell line that contained 1-2 lacO arrays per cell 
inserted either on chromosome 2 or on chromosome 3 (Mendiburo 
et al., 20ll). Western blot analysis showed that induction of 
CALl-GFP-LacI did not affect total CENP-A and CENP-C pro- 
tein levels, but caused a decrease in endogenous CALl levels 
(Fig. SI). Immunofluorescence (IF) with anti-GFP antibodies 
combined with fluorescence in situ hybridization (FISH), using 
a lacO probe on metaphase chromosomes, confirmed that CALl- 
GFP-LacI is recruited to the lacO array (Fig. I A). Although unin- 
duced cells showed virtually no signal at either the lacO or the 
endogenous centromere, induced cells showed colocalization be- 
tween CALl-GFP-LacI and endogenous CENP-A, suggesting 
that the addition of the GFP-LacI tag to CALl did not interfere 
with its centromeric localization; in contrast, a GFP-LacI control 
protein showed diffuse nuclear localization (Fig. S2 A). 

To assess whether CALl can initiate centromere assembly 
at the LacO array, metaphase chromosome spreads were prepared 
from induced cells expressing either CALl-GFP-LacI or the 
GFP-LacI control and were processed for IF with anti-CENP-A 
and -CENP-C antibodies. The presence of CALl-GFP-LacI at 
the lacO array resulted in the recruitment of endogenous CENP-A 
and CENP-C at 95% of these ectopic sites (Fig. I, B and C). In 
no instances did we observe recruitment of just CENP-A or 
CENP-C. In contrast, cells expressing GFP-LacI were never ob- 
served to recruit either CENP-A or CENP-C at the lacO array. 
CALl-GFP-LacI was not always detected at the endogenous 
centromere on metaphase spreads, showing a preference for the 
lacO array (Fig. I B). Comparing CENP-A intensities between 
ectopic centromeres from sister chromatids confirmed symmetry 
of CENP-A recruitment (Fig. S2, B and C). 

The direct targeting of CENP-A to the chromosome arms 
was previously shown to result in the assembly of Ndc80 
(Mendiburo et al., 201 1), a key kinetochore component necessary 
for kinetochore-microtubule attachments (Maiato et al., 2004). To 
test if CALl -directed CENP-A incorporation results in the recruit- 
ment of Ndc80, we performed IF with anti-Ndc80 antibodies 
on metaphase spreads from induced CALl-GFP-LacI and GFP- 
LacI cells (Fig. I B). Ndc80 was recruited at the lacO array in 
98% of CALl-GFP-LacI-positive cells (Fig. I C), a recruitment 
efficiency three times higher than that observed in the CENP-A- 
targeting experiments (27%; Mendiburo et al, 201 1). In addition 
to recruiting kinetochore components, these ectopic centromeres 
also recruited the checkpoint protein Mad2 (100% of CAL1- 
GFP-LacI-positive lacO arrays in which Mad2 was visible at the 
endogenous kinetochore showed Mad2 localization at lacO, 
n = 28; Fig. 1 D), suggesting that these ectopic kinetochores are 
competent for spindle checkpoint function. Together, our data 
demonstrate that CALl is a robust initiator of CENP-A chro- 
matin formation and kinetochore assembly in Drosophila cells. 

CALl -induced ectopic centromeres are 
epigenetically maintained 

Direct targeting of CENP-A onto lacO arrays leads to chroma- 
tin incorporation of newly synthesized CENP-A (Mendiburo 
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Figure 1 . CAL1 is sufficient to recruit CENP-A, CENP-C, and Ndc80 de novo. (A) IF-FISH on metaphase chromosomes from lacO cells expressing 
CALl-GFP-Lacl. CALI-GFP-Lacl (green) localizes to the lacO array (FISH probe, red). DAPI is in blue. (B) lacO chromosomes showing recruitment of 
CENP-A, CENP-C, and Ndc80 (all in red) in the presence of CALl-GFP-Lacl but not in the presence of the control protein GFP-Lacl (both green) at the 
lacO array. DAPI is in blue. (C) Quantification of the percentage of cells recruiting the indicated kinetochore proteins at the ectopic site by CALl-GFP-Lacl 
(CAL1) or GFP-Lacl (GFP). ncENP-A = 89; ncENP-c = 89; nNd C 80 = 51 . ***, P < 0.0001 . Shown are data for a single representative experiment out of 2-3 
repeats per kinetochore protein. (D) CALl-GFP-Lacl (visualized with anti-Lad antibody; green) recruited Mad2 (red). CENP-A is in blue, DAPI in gray. 
White arrows show the location of the lacO array. Bars, 1 urn. 



etal., 2011). If CALl-GFP-LacI-mediated CENP-A recruitment 
at the lacO is a result of CENP-A incorporation into nucleosomes, 
it is expected to be inherited epigenetically. In contrast, if CAL1 
is tethering CENP-A onto DNA without nucleosome incorpora- 
tion, CENP-A is expected to be rapidly lost when CALl-GFP- 
Lacl is removed from the lacO array. To distinguish between 
these two possibilities, we assayed the presence of CENP-A at 
the lacO array upon repression of the CALl-GFP-Lacl trans- 
gene. We induced CALl-GFP-Lacl lacO cells for 24 h, changed 
the medium (CuS0 4 washout), and collected cells every 24 h for 
8 consecutive days. Initially, the CALl-GFP-Lacl signal was 



detected in 46% of induced cells (day 0; n = 150; Fig. 2 A and 
Fig. S3), reflecting the fact that not all S2 cells express the trans- 
gene. 24 h after medium washout (day 1), 10% of cells still dis- 
played CALl-GFP-Lacl signal (n = 154); this percentage 
dropped to 2% 24 h later (day 2; n = 128). The CALl-GFP-Lacl 
signal was virtually not detectable for the remaining time points 
(days 3-10; Fig. S3). Having determined that complete repres- 
sion of the pMT-CALl -GFP-Lacl promoter (and/or turnover of 
CALl-GFP-Lacl protein) occurred 48 h after removal of CuS0 4 , 
we prepared metaphase chromosome spreads at days 2, 4, 6, 
8, and 10 after washout and performed IF with anti-GFP and 
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Figure 2. CAL1 -induced ectopic centromeres are epigenetically maintained. (A) IF of lacO cells expressing CALl -GFP-Lacl harvested at day 0 and day 2 

after removal of CuS0 4 (washout); CALI-GFP-Lacl expression (anti-GFP; green) decreased to undetectable levels at day 2 post-washout. DAPI is in gray. 
Bar, 5 pm. (B) Experimental strategy used for the experiments in C-E. (C) Metaphase chromosomes from day 0, 2, and 10 show CENP-A at the ectopic 
lacO sites (white arrow) after loss of CALI-GFP-Lacl. CALI-GFP-Lacl is shown in green, DAPI in blue, and CENP-A in red. (D) Mean ratio of the CENP-A 
IF intensity in ectopic/endogenous at each time point (n = 1 0 cells for each day). Error bars represent SEM. (E) Quantification of the mean percentage of 
cells with visible CENP-A foci at the chromosome arm at each time point. CALI-GFP-Lacl is largely absent from cells on day 2, whereas CENP-A continues 
to be maintained at the lacO array for several divisions (n = 100, metaphase spread for each time point, error bars show the SD of three independent 
experiments). (F) Diagram illustrating the strategy to assess self-propagation of ectopic CENP-A chromatin after loss of CALI-GFP-Lacl. (G) Metaphase 
chromosomes showing the localization of HA-CENP-A (red) and CENP-C (blue) at the ectopic centromere (n = 52 transfected cells, 100% HA-CENP-A 
recruitment). CALI-GFP-Lacl is shown in green (no signal post-washout), DAPI is in gray. Bars: (C and G) 1 urn. 
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anti-CENP-A antibodies. We found that CENP-A was detected 
at the lacO throughout the time course, despite the absence of 
CALl-GFP-LacI (Fig. 2 C). Importantly, CENP-A intensity at 
the lacO array did not diminish throughout the time course, but 
instead remained close to that of the endogenous centromere sig- 
nal (Fig. 2 D), indicating that once established, ectopic CENP-A 
chromatin is stably maintained through the endogenous CENP-A 
assembly pathway. The percentage of cells displaying ectopic 
CENP-A signal decreased over time (Fig. 2 E), which could be 
due to either the death of cells harboring the dicentric chromo- 
some or to ectopic centromere inactivation. 

If the ectopic centromere is inherited epigenetically, then 
it is expected to self-direct the recruitment of newly synthesized 
CENP-A at each cell cycle (Karpen and Allshire, 1997). To de- 
termine whether this is the case, 48 h after medium washout we 
transiently transfected CALl-GFP-LacI cells with a construct 
expressing hemagglutinin (HA)-tagged CENP-A followed by 
IF on metaphase spreads (Fig. 2 F). Quantification showed that 
100% of chromosomes containing an ectopic centromere (de- 
termined by the presence of CENP-C at the lacO site) also con- 
tained HA-CENP-A, confirming that the ectopic centromeres 
generated by CAL1 targeting continue to self-propagate as en- 
dogenous centromeres do (Fig. 2 G). 

The N terminus of CAL1 is sufficient: to 
mediate CENP-A recruitment: 

It was previously shown that the N-terminal part of CALl (resi- 
dues 1^-07) interacts with CENP-A, whereas the C-terminal por- 
tion (residues 699-979) interacts with CENP-C; the middle region 
mediates nucleolar localization, but it is neither conserved (Erhardt 
et al., 2008; Phansalkar et al., 2012) nor essential (Schittenhelm 
et al., 2010). Based on these findings, we hypothesized that the 
CENP-A recruiting activity resides within the N terminus of 
CALl. To test this, we generated GFP-LacI constructs to target 
residues 1^107 of CALl (CALl-N-GFP-LacI) or residues 700- 
979 (CALl-C-GFP-LacI; Fig. 3 A) to the lacO array. Expression 
of these constructs in lacO cells, in both transient transfec- 
tions and stable lines, showed that CALl-N-GFP-LacI recruited 
CENP-A (95%), CENP-C (95%, n = 51 cells), and Ndc80 (90%, 
n = 50 cells; not depicted) with comparable efficiency to full- 
length-CALl (P = 1), whereas CALl-C-GFP-LacI did not at- 
tract any of these proteins (0%, n = 50; P < 0.0001; Fig. 3 B). 
These observations demonstrate that the CENP-A recruitment 
activity of CALl is contained within its N terminus. Interestingly, 
we noticed that, although CALl-C-GFP-LacI frequently local- 
ized at the endogenous centromeres of both interphase cells 
(51%, n = 66 cells; Fig. S4) and metaphase chromosomes (77%, 
n = 52 cells; Fig. 3 B), CALl-N-GFP-LacI did not (0%, n interphase = 
66, P < 0.0001; n metaphase = 51; Fig. 3 B), suggesting that the 
C terminus of CALl is the region responsible for mediating its 
centromeric localization. Given that the C terminus of CALl can 
interact with CENP-C (Schittenhelm et al., 2010) but is not suffi- 
cient to recruit CENP-C (Fig. 3 B), we conclude that CENP-C 
mediates CALl recruitment, not vice versa. 

To further define the minimal CALl N-terminal region suf- 
ficient for CENP-A assembly, we generated three N-terminal 
truncations of CALl fused to GFP-LacI— CALl 150 , CALl 1100 , 



and CALl 1-192 (Fig. 3 C) — and expressed them in S2 lacO cells 
in both transient transfections and stable lines. The shortest trun- 
cation, CALl 150 , did not recruit CENP-A (0%, n = 83 cells), 
whereas CALl 1-100 recruited CENP-A with 30% efficiency 
(n = 74). The longest truncation we tested, CALl 1-192 , recruited 
CENP-A with good efficiency (75%, n = 65; Fig. 3 D). The dif- 
ference in CENP-A recruitment efficiency between CALl 1 " 100 
and CALl 1-192 was highly significant (P < 0.0001), leading us to 
conclude that even though the first 100 amino acids of CALl are 
sufficient to mediate some CENP-A recruitment, robust recruit- 
ment requires residues 1-192. However, maximal CENP-A as- 
sembly efficiency requires the entire N terminus (P = 0.0019; 
CENP-A recruitment by CAL1 M07 vs. CALl 1-192 ). 

We previously identified a region of similarity between 
CALl (residues 1^10) and part of the K. lactis Scm3 domain of 
Scm3 (Phansalkar et al., 2012). To determine whether this region 
is necessary for CENP-A recruitment, we deleted it (CAL1 AM0 ), 
fused it to GFP-LacI, and assessed its ability to recruit CENP-A 
at the lacO array by IF (Fig. 3 E). Strikingly, this mutant did not 
recruit CENP-A, (0%, n = 31 cells), consistent with an essential 
role played by this region in CENP-A recruitment. 

Ectopic microtubule attachments and 
chromosome missegregation after 
CAL1 mis-targeting 

To determine whether CALl -induced ectopic kinetochores can 
establish microtubule connections, we stabilized kinetochore- 
microtubule attachments (Maia et al., 2007) in induced stable 
cells expressing CALl-N-GFP-LacI and control GFP-LacI cells 
and performed IF with anti-GFP, anti-CENP-A, and anti-tubulin 
antibodies. In control GFP-LacI cells, no microtubules were ob- 
served attaching to GFP foci (Fig. 4 A, top; n = 35), whereas en- 
dogenous centromeres clearly showed microtubule attachments 
in virtually all cases (not depicted). In contrast, distinct attach- 
ments were detected at the CALl-N-GFP-LacI foci in 95% of 
cells (Fig. 4 A, bottom; n = 40), as well as at the endogenous 
centromeres on the same sister chromatid pair (not depicted). 

If CALl-GFP-LacI targeting seeds new kinetochores ca- 
pable of connecting to microtubules, anaphase defects are likely 
to occur due to the presence of multiple microtubule attachments 
on the lacO-containing chromosome. To test this, we performed 
time-lapse imaging of S2 cells, with or without lacO arrays, tran- 
siently transfected with CALl-GFP-LacI and H2B-mRFP (as a 
chromosome counterstain; see Videos l and 2 and Fig. 4 B) and 
induced them for 24 h. Several time-lapse videos of lacO cells 
displayed stretched and lagging chromosomes in anaphase, 
whereas control S2 cells displayed either normal segregation or 
just lagging chromosomes. To evaluate these defects more quan- 
titatively, stable lacO cells expressing CALl-N-GFP-LacI or GFP- 
LacI were induced for 24 h and were then processed for IF with 
anti-GFP, anti-CENP-A, and anti-phospho H3 SerlO (as a mitotic 
marker) antibodies. GFP-positive cells in anaphase were visually 
inspected for chromosome segregation defects. Although only 19% 
of GFP-LacI cells in anaphase showed defective chromosome seg- 
regation, consistent with a previous study (Mendiburo et al., 201 1), 
79% of C AL 1 -N-GFP-LacI showed abnormal chromosome 
segregation (Fig. 4, C and D; n GFP . LacI = 104, ncALi-N-GFP-Lad = 112; 
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DAPI is in blue. (E) A CALl mutant lacking aa 1-40 fused to GFP-Lacl (green) failed to recruit CENP-A (red) at the lacO array (arrow). Bars, 1 urn. 
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P < 0.0001). Taken together, our data show that CALl -induced 
ectopic kinetochores are fully functional and recruit microtubule 
attachments, resulting in frequent chromosome segregation errors 
during mitosis. 

CALl binds specifically to CENP-A-H4 

If CALl functions as a CENP-A-specific assembly factor it is 
expected to form a complex with CENP-A and H4 in vitro, as 



observed for Scm3 and HJURP (Cho and Harrison, 2011; 
Dechassa et al., 2011; Shivaraju et al., 2011; Zhou et al., 2011; 
Bassett et al., 2012). To test this, we examined the interaction of 
CALl with His 6 -tagged CENP-A 144-225 and histone H4 by co- 
expressing the three proteins in Escherichia coli, followed by 
affinity purification over a Ni-NTA column and size-exclusion 
chromatography (SEC). SDS-PAGE showed that aa 1-160 of 
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Figure 4. Ectopic microtubule attachments are present at CAM -induced ectopic centromeres. (A) Single-plane images showing GFP-Lacl (top) and CALl- 
N-GFP-Lacl (bottom) bound to lacO and the presence or absence of kinetochore-microtubule attachments. The yellow arrow indicates the position of the 
endogenous centromere (plane not depicted). Attachments at the lacO were visible only in CALl -N-GFP-Lacl cells and not in GFP-Lacl cells (green; white 
arrow). Insets are 3x magnifications of the area defined by the box. Bars: (main panels) 5 pm; (insets) l urn. (B) Still frames from time-lapse videos (see 
Videos l and 2) of representative mitotic cells expressing CALI-GFP-Lacl and H2B-mRFP in lacO S2 cells (lacO) and in control cells without lacO array (no 
array). Bar, 5 pm. (C) Anaphase lacO containing cells showing normal segregation with GFP-Lacl and defective segregation with CALl -N-GFP-Lacl (both 
shown in green). Phospho-H3 SerlO (PH3) is in red and DAPI in gray. Bars, 5 pm. The arrows show a stretched chromosome in B and C. (D) Quantification 
of the anaphase defects in C (nGFP-Laci = 1 04; ncALi-N-GFP-Laci = 1 1 2; P = 0.0001 ). The experiment was repeated three times with similar results. 



CALl form a complex with CENP-A and histone H4 when the 
three proteins are co-expressed (Fig. S5 A). Additional trunca- 
tions showed that CALl aa 1-80 are sufficient to interact with 
CENP-A-H4 (Fig. S5, B and C), albeit with lower purification 
yields than CALl 1160 , suggesting that aa 80-160 may contrib- 
ute to proper complex formation. The interaction of CALl with 
CENP-A and H4 was further examined in vitro by refolding 
CALl with separately purified CENP-A and H4 followed by 
SEC, as previously described for Scm3, CENP-A/Cse4, and 
H4 (Mizuguchi et al., 2007). The CALl N-terminal domain 
(aa 1-160) formed stoichiometric complexes with CENP-A and 
H4, displaying distinct elution profiles from those of individually 
purified components (Fig. 5, A and B). In contrast, refolded his- 
tone H3, H4, and CALl 1160 did not co-purify; rather, the H3-H4 



tetramer eluted separately (Fig. 5, B and C). These results are 
consistent with the direct and specific recognition of CENP-A-H4 
by CALl, and demonstrate similar interaction properties to the 
ones observed between HJURP or Scm3 and CENP-A-H4 
(Mizuguchi et al., 2007; Camahort et al., 2009; Foltz et al., 
2009; Shuaib et al., 2010; Dechassa et al., 201 1 ; Hu et al., 201 1; 
Zhou etal., 2011). 

CAL1 11BD displays CENP-A nucleosome 
assembly activity in vitro 

We next tested whether the N terminus of CALl can mediate 
CENP-A assembly in vitro using a plasmid supercoiling assay 
(Fujii-Nakata et al., 1992; Clark and Leblanc, 2009) and three dif- 
ferent N-terminal truncations (1-96, 1-132, and 1-160; Fig. S5 D) 
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Figure 5. CAL1 binds CENP-A-H4, but not H3-H4. SEC elution profiles (separated in two graphs for clarity) of equal concentration of: (A) refolded CAL1 1-160 , 
CENP-A 101-225 , and H4; (B) refolded CAL1 1-16 °, H3, and H4. Colored lines show the content of the components being co-purified in each case. (C) SDS- 
PAGE analysis of fractions from the peaks (P) shown in A and B, color coded as therein. Lanes 1-3: P4 of H3 + H4 alone; lanes 4-7: PI of CENP-A 101-225 + 
H4 (free CENP-A/H4 tetramer, predicted size 52 kD); lane 8: P2 from CAL1 1-160 alone; lanes 9-14: P3 from CAL1 1-160 + CENP-A 101-225 + H4 (complex 
predicted size 43 kD); lane 15: P4a (free H3/H4 tetramer, predicted size 52 kD) from CAL1 1-160 + H3 + H4; lanes 16-21 : P2a (free CAL1 , - ,6 °). 



incubated with reconstituted CENP-A-H4 complexes and H2A- 
H2B dimers. These analyses showed that aa 1-96 and 1-132 have 
minimal or no nucleosome assembly activity, whereas CAL1 1-160 
is sufficient to assemble CENP-A nucleosomes (Fig. 6 A). 

Consistent with our refolding experiments (Fig. 5), plas- 
mid supercoiling assays showed that CAL1 1-160 preferentially 
assembles CENP-A nucleosomes over H3 nucleosomes (Fig. 6 B). 
In contrast, the generic histone chaperone Napl can mediate the 
indiscriminate assembly of both CENP-A and H3 nucleosomes, 
consistent with previous reports (Yoda et al., 2000; Dechassa 
et al., 201 1 ; Shivaraju et al., 201 1). Altogether, our data demon- 
strate that CAL1 is a Drosophila CENP-A-specific nucleosome 
assembly factor and that the domain critical for this function 
consists of aa 1-160. 

CAL1 -assembled CENP-A nucleosomes are 
negatively supercoiled and □ctameric 

It was previously shown that, in vitro, the general Rb48 histone 
chaperone can assemble Drosophila CENP-A nucleosomes that 
are positively supercoiled (right-handed), unlike negatively super- 
coiled H3 nucleosomes (Furuyama and Henikoff, 2009). We next 
sought to determine the handedness of Drosophila CENP-A 
nucleosomes assembled by their physiological assembly factor, 
CALL H3 and CENP-A nucleosomes were assembled on plas- 
mid DNA using Napl and CALl 1-160 , respectively, followed by 
plasmid isolation and gel electrophoresis in the presence or ab- 
sence of l ug/ml chloroquine, an intercalating agent known to 
induce positive supercoiling (Clark and Leblanc, 2009). CENP-A 
nucleosomes displayed an upward shift in their migration in the 
presence of chloroquine (Fig. 6 C), demonstrating that CENP-A 
nucleosomes are negatively supercoiled. Two-dimensional (2D) 



gel electrophoresis of these supercoils confirmed that the migra- 
tion pattern displayed by CENP-A nucleosomes is identical to 
that of H3 nucleosomes and consistent with a left-handed DNA 
wrap (Fig. 6 D). 

Drosophila CENP-A nucleosomes have been proposed to 
be "hemisomes" composed of one CENP-A, H4, H2A, and H2B 
molecule each (Dalai et al., 2007). To gain more insight into the 
nature of the CENP-A particles assembled by CALl, we deter- 
mined the size of DNA protected in these nucleosomes by ex- 
tended micrococcal nuclease (MNase) digestion. Similarly to 
their human counterparts (Yoda et al, 2000; Barnhart et al., 201 1 ; 
Tachiwana et al., 201 1; Hasson et al, 2013), Drosophila CENP-A 
mononucleosomes protected ^120 bp of DNA (Fig. 6 E), in 
contrast to the ^65 bp expected to be protected by a hemisome 
(Hasson et al., 2013). Together, our findings are consistent with 
the major form of CENP-A nucleosomes being octameric and 
left-handed, in agreement with other recent studies (Shelby et al., 
1997; Yoda et al, 2000; Foltz et al., 2006; Conde e Silva et al., 
2007; Camahort et al., 2009; Panchenko et al., 2011; Tachiwana 
et al., 201 1; Bassett et al., 2012; Zhang et al., 2012; Hasson et al., 
2013; Miell et al, 2013; Padeganeh et al., 2013). 



Targeting of CENP-C can initiate ectopic 
centromere formation 

Drosophila centromeres are characterized by a functional inter- 
dependence between CALl, CENP-A, and CENP-C (Erhardt 
et al., 2008), which has limited the functional dissection of 
centromere assembly in this system. Having established that 
CALl is a CENP-A assembly factor, we next tackled the role 
of CENP-C in this pathway. 
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Figure 6. CAL1 is a CENP-A-specific nucleosome assembly factor. (A) CENP-A ,0, ~ 225 -H4 was assembled on circular relaxed plasmid (pCR2. 1-4 [CEN3 + 
CEN6]) using increasing amounts of CAL1 1-96 , CAL1 1-132 , or CAL1 1-160 in the presence of topoisomerase I. The extracted DNA samples were analyzed 
on agarose gel and stained with SYBR gold. Lane 1 : supercoiled plasmid; lane 2: relaxed plasmid; lane 3: CENP-A 101-225 -H4, H2A-H2B but no CAL1 ; 
lanes 4-7: relaxed plasmid and CENP-A ,0, - 225 -H4, H2A-H2B with CAL1 1-96 ; lanes 8-1 1 : CENP-A 101-225 -H4, H2A-H2B with CAL1 1-132 ; lanes 12-15: 
CENP-A ,01 " 225 -H4, H2A-H2B with CALl 1-160 . (B) CENP-A-containing nucleosomes and histone H3 nucleosomes were assembled using histone pro- 
teins, CAL1 1-16 °, or yeast Napl and pGEM3Z-601 plasmid. Lane 1 : supercoiled plasmid; lane 2: relaxed plasmid; lanes 3, 6, and 9: mock reaction 
without CAL1 , - ,6 ° or Napl ; lanes 4 and 5: H3-H4, H2A-H2B with CAL1 , - ,6 °; lanes 7 and 8: CENP-A ,0 '- 225 -H4, H2A-H2B with CAL1 1-16 °; lanes 1 0 and 
1 1 : H3-H4, H2A-H2B with Napl ; lanes 1 2 and 1 3: CENP-A ,01-225 -H4, H2A-H2B with Napl . (C) CAL1 -assembled CENP-A nucleosomes are negatively 
supercoiled. CENP-A nucleosomes (lane CENP-A) were assembled by CAL1 1-160 in the presence of topoisomerase I and H2A-H2B dimers, whereas histone 
H3 nucleosomes (lane H3] were assembled by Napl . Controls are: supercoiled plasmid (superc), relaxed plasmid (relaxed), and relaxed plasmid without 
histones or Napl , but treated and processed as in the H3 and CENP-A nucleosome assembly reactions (mock). The samples were analyzed on agarose 
gels with or without 1 pg/ml chloroquine. Boxes highlight the decrease in migration that occurs in the presence of chloroquine in both H3 and CENP-A 
nucleosomes. (A-C) S, supercoiled; R, relaxed plasmid. (D) Diagram depicting the expected migration patterns for negatively and positively supercoiled 
DNA separated by 2D gel electrophoresis (Tachiwana et al., 201 1). Left gel: H3 nucleosomes assembled with Napl; right gel: CENP-A nucleosomes 
assembled with CAL1 , - ,6 °. (E) Mononucleosomes were assembled on 147-bp Widom DNA with Napl or CAL1 1-160 and digested with MNase for 30 or 
1 20 s. Native PAGE of samples shown. Lanes 1-3: DNA only; lanes 4 and 5: H3 nucleosomes assembled by Napl ; lanes 6 and 7: CENP-A nucleosomes 
assembled by Napl ; lanes 8 and 9: CENP-A nucleosomes assembled by CAL1 , - ,6 °. 
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To test whether tethering CENP-C to the lacO site can attract 
the components necessary to initiate ectopic centromere forma- 
tion, we targeted CENP-C to the lacO array via LacI and assessed 
its ability to attract CENP-A and Ndc80. In Drosophila, the 
C terminus of CENP-C interacts with CAL1 (Schittenhelm et al., 
2010); thus, we generated a construct in which GFP-LacI was 
fused to the N terminus of CENP-C (GFP-LacI-CENP-C) and 
performed IF on metaphase chromosomes from transiently trans- 
fected lacO S2 cells. We found that CENP-C is able to initiate ec- 
topic CENP-A assembly and to recruit Ndc80 (Fig. 7, A and B), 
consistent with studies in chicken DT-40 cells (Hori et al., 2013). 
However, the CENP-A recruitment was less efficient than that 
observed after CAL1 targeting (77% vs. 95%, n = 56; P = 0.0034; 
Fig. 7 B). Furthermore, the signal intensity ratio between endog- 
enous and ectopic CENP-A, which is ^4 when CALl-GFP-LacI 
is the initiating factor, was significantly lower when GFP-LacI- 
CENP-C is targeted to the lacO (0.2; P = 0.001, two-tailed t test; 
Fig. 7 C), reflecting significantly less effective CENP-A recruit- 
ment. Based on these results, we conclude that CENP-C can initi- 
ate ectopic centromere formation, but less robustly than CALL 

CAL1 targeting bypasses the requirement 
for CENP-C during CENP-A assembly 

Our targeting experiments demonstrate a role for CENP-C in ini- 
tiating the CENP-A recruiting cascade, consistent with our ini- 
tial observation that CENP-C is required for the localization of 
CENP-A and CALl (Erhardt et al., 2008). To test if CENP-C ful- 
fills this role by recruiting soluble CAL1-CENP-A-H4 com- 
plexes at the centromere, we targeted an mCherry-LacI-CENP-C 
fusion to the lacO array and confirmed that indeed it recruited a 
GFP-tagged CALl (100%; n = 34; Fig. 8 A). Given this result, we 
predicted that directly tethering CALl onto the lacO array would 
bypass the requirement of CENP-C for ectopic CENP-A loading. 
Therefore, we wanted to assess CENP-A recruitment upon tar- 
geting CALl-GFP-LacI to the lacO after CENP-C levels were 
reduced by RNAi. Five days after RNAi treatment, total CENP-C 
levels were decreased to ^40% of the control (Fig. 8 B). How- 
ever, total CENP-A levels were also reduced by ^50% in the 
CENP-C RNAi compared with the control (Fig. 8 B), and longer 
CENP-C RNAi incubations lead to a more pronounced decrease 
in total CENP-A protein (Fig. 8 C), suggesting that CENP-A be- 
comes unstable in the absence of CENP-C. IF on metaphase 
chromosome spreads showed that CENP-A was still recruited by 
CALl-GFP-LacI at the ectopic site in the absence of CENP-C, 
demonstrating that CALl targeting can bypass the requirement of 
CENP-C for CENP-A recruitment (Fig. 8, D and E). However, 
the CENP-A recruitment frequency was lower in the CENP-C 
RNAi compared with the control (71% vs. 100%, P = 0.0009). To 
determine whether the lower recruitment efficiency was due to a 
role of CENP-C in promoting CALl -mediated CENP-A assem- 
bly or to the observed decrease in total CENP-A levels, we per- 
formed a double-RNAi depletion of CENP-C along with PPA, 
the F-box protein mediating ubiquitin-mediated degradation of 
fly CENP-A (Moreno-Moreno et al, 201 1). Western blot analy- 
sis showed a minimal increase in total CENP-A levels in the 
CENP-C-PPA double RNAi compared to the single CENP-C 
RNAi (Fig. 8 B); nonetheless, the CENP-A recruitment efficiency 



was clearly rescued to levels comparable to those observed in our 
initial CALl-GFP-LacI targeting experiments (97%; Fig. 8 E). 
These observations confirm that CENP-C is not directly neces- 
sary for CALl-mediated CENP-A chromatin recruitment when 
CALl is tethered onto DNA. 

If the recruitment of CENP-A by GFP-LacI-CENP-C oc- 
curs indirectly through the recruitment of free CALl in complex 
with CENP-A, we predicted that targeting CENP-C in the ab- 
sence of CALl would not lead to CENP-A recruitment at the 
lacO array. To test this, we analyzed CENP-A recruitment by 
GFP-LacI-CENP-C when CALl is depleted by RNAi in lacO 
cells. Total CALl protein was reduced to ^40% of control five 
days after RNAi treatment (Fig. 8 F). Again, total CENP-A pro- 
tein levels also appeared reduced in these conditions to ^20% of 
the control, suggesting that, like CENP-C, CALl is required for 
normal CENP-A protein levels (Fig. 8 F). Metaphase chromo- 
somes containing GFP-LacI-CENP-C at the lacO array showed 
no enrichment of CENP-A in the CALl RNAi or CAL1-PPA 
double RNAi (both 0% vs. 62% in the control, P = 0.0001, n = 36; 
Fig. 8, G and H), consistent with its necessity for CENP-A chap- 
erone activity. We conclude that CALl is necessary and sufficient 
for CENP-A assembly. Together, our data support a model 
whereby CENP-C functions by recruiting CAL1-CENP-A-H4 
complex to the centromere, allowing deposition of newly synthe- 
sized CENP-A-H4 by its specific chaperone CALl (Fig. 8 I). 

Discussion 

Chromatin incorporation of the centromere-specific H3 variant 
CENP-A is a hallmark of centromere activity across all eukary- 
otes, and yet this process does not rely on a universally conserved 
assembly factor. The presence of Scm3 in a basal organism such 
as yeast suggests that this protein represents the ancestral form of 
this CENP-A chaperone, which later evolved into HJURP. Sev- 
eral major eukaryotic lineages appear to lack Scm3 (and HJURP) 
homologues, suggesting that these have been lost multiple times 
during evolution. This raises the possibility that alternative 
CENP-A chaperones have taken over CENP-A assembly in these 
organisms. In this study, we describe the first example of such an 
alternative CENP-A chaperone. 

Using the well-established LacI-lacO tethering system 
(Robinettetal., 1996; Straight etal., 1996; Barnhartetal., 2011; 
Gascoigne et al., 2011; Mendiburo et al., 2011), we show that 
CALl can initiate CENP-A deposition at an ectopic chromo- 
somal locus with high efficiency. These CALl-GFP-LacI- 
mediated ectopic centromeres are fully functional in that they 
are capable of recruiting inner and outer kinetochore proteins as 
well as establishing ectopic microtubule attachments that result 
in frequent chromosome missegregation in mitosis. 

Once CENP-A is recruited at the lacO array, it is epigeneti- 
cally maintained for several cell divisions after CALl-GFP-LacI 
expression is repressed, consistent with a model whereby CALl 
tethering leads to CENP-A incorporation within lacO nucleo- 
somes, which in turn mediate their epigenetic self-propagation 
(Mendiburo etal, 2011). 

CALl binds directly to a CENP-A-histone H4 complex 
and is able to discriminate between CENP-A and histone H3 
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Figure 7. CENP-C targeting can initiate ectopic kinetochore assembly. (A) Metaphase chromosomes from lacO cells expressing GFP-Lacl-CENP-C or 
CALI-GFP-Lacl (both in green) showing that CENP-A (red) is recruited at the lacO array (arrow) by GFP-Lacl-CENP-C. (B) Quantification of the recruit- 
ment efficiency of CENP-A and Ndc80 by Lacl-GFP-CENP-C; one (out of three total) representative experiment is shown (ncENP-A = 77, nNdc80 = 86 cells). 
(C) Scatter dot plot of the CENP-A IF signal ratio between the lacO array and the endogenous centromere in the GFP-Lacl-CENP-C and CAL1 -GFP-Lacl 
targeting experiments shown in A. Each dot represents the signal ratio for one lacO-containing chromosome (n = 20 cells per condition). Blue line, average 
ratio; magenta bars, standard deviation. Data are from a single representative experiment out of two repeats. 



because a trimeric complex fails to form when H3 substitutes 
CENP-A in our binding assays. The minimal region capable of 
binding CENP-A (aa 1-80) spans a region with partial similar- 
ity to the Scm3 domain of Scm3 (Phansalkar et al., 2012). It is 



remarkable that similar structures have evolved independently 
in these nonhomologous chaperones to interact with CENP-A. 

Using plasmid supercoiling assays similar to those used 
previously to demonstrate Scm3 and HJURP CENP-A assembly 
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Figure 8. CAL1 targeting bypasses the requirement of CENP-C for CENP-A recruitment. (A) Metaphase chromosome showing that mCherry-Lacl-CENP-C 
(Lacl-CENP-C; red) recruits GFP-CAL1 (green) at the ectopic lacO site (100%; n = 34). CENP-A is in blue and DAPI in gray. (B) Western blot with the 
indicated antibodies of total cell extracts from control-treated and CENP-C RNAi cells expressing CALl-GFP-Lacl. Decreasing amounts of extracts from 
control cells (100%, 50%, 25%, 10%) were loaded to qualitatively assess the levels of CENP-C and CENP-A 5 d after RNAi treatment (100% loaded). 

(C) Western blot with the indicated antibodies of total cell extracts from control cells and cells treated with CENP-C double-stranded RNA for 4, 6, and 8 d. 

(D) Metaphase chromosomes from control and CENP-C RNAi cells expressing CALl-GFP-Lacl (green) showing the recruitment of CENP-A (red) in the 
control but not in the RNAi. CENP-C is in blue and DAPI in gray. (E) Quantification of the CENP-A recruitment efficiency by CALl-GFP-Lacl (**, P = 
0.0009). n = 35 (number of GFP-positive/lacO array chromosomes) for both control and RNAi. One (of two total) representative experiment is shown. 
(F) Western blots with the indicated antibodies of total cell extracts from control and CAL1 RNAi in cells expressing GFP-Lacl-CENP-C. Decreasing amounts 
of extracts from control cells (100%, 50%, 25%, 10%) were loaded to qualitatively assess the levels of CAL1 and CENP-A after 5 d of RNAi (100% loaded). 
Anti-tubulin Western blot is a loading control in B, C, and F. (G) Metaphase chromosomes from control, CAL1, or CAL1/PPA RNAi performed in lacO 
cells expressing GFP-Lacl-CENP-C (green). CENP-A is in red, CENP-C in blue, and DAPI in gray. (H) Quantification of the CENP-A recruitment efficiency 
by GFP-Lacl-CENP-C. ***, P < 0.0001 . n contro | = 37, n RNA i = 36 (one of two experiments shown). Arrows indicate the position of the endogenous (green) 
and the ectopic (white) centromeres in A, D, and G. Bars, 1 urn. (I) Cartoon summarizing the mechanism of centromere specification in Drosophila. Free 
CAL1 binds directly to free CENP-A (blue half-circle) and histone H4 via its N-terminal domain. The C terminus of CAL1 interacts with the C terminus of 
centromere-bound CENP-C resulting in the recruitment of the CAL1-CENP-A-H4 complex to the centromere. CENP-C interacts with chromatin-associated 
CENP-A (gray half-circle) and CAL1 (not depicted; Erhardt et al., 2008) and binds to the KMN (KNL-1/Misl2 complex/Ndc80) complex through its 
N terminus during mitosis (Przewloka et al., 201 1 ). 



activity (Barnhart et al., 201 1; Dechassa et al., 201 1), we show 
that the N-terminal domain of CAL1 harbors specific CENP-A 
nucleosome assembly activity in vitro. The minimal region suf- 
ficient to mediate CENP-A nucleosome assembly consists of 
amino acids 1-160, and shorter fragments, although able to 
bind CENP-A/H4, cannot mediate nucleosome assembly. Even 



though we did not specifically test the 1-160 fragment in our 
LacI-lacO targeting experiments in S2 cells, these in vitro as- 
says are consistent with a key role for the region spanning resi- 
dues 1-192 of CAL1 in mediating CENP-A assembly. Together, 
these findings demonstrate that CAL1 is a CENP-A-specific 
nucleosome assembly factor. 
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The composition of CENP-A nucleosomes has been a sub- 
ject of intense debate in recent years, and the initial proposal that 
CENP-A nucleosomes might be tetrameric rather than octameric 
(Dalai et al., 2007; Furuyama and Henikoff, 2009; Henikoff and 
Furuyama, 2012) has been challenged by several studies 
(Dunleavy et al., 2013). Our in vitro experiments show that both 
the supercoiling and DNA protection features of the CENP-A 
nucleosome are consistent with an octameric particle that wraps 
DNA left-handedly. Because CAL1 is the specific Drosophila 
CENP-A chaperone, we propose this to be the major form of the 
CENP-A nucleosome in vitro and in vivo (Zhang et al., 2012). 

An essential feature expected for a CENP-A assembly 
factor is the ability to distinguish its target from canonical his- 
tone H3 and other H3 variants. HJURP and Scm3 make this dis- 
tinction by recognizing the CENP-A targeting domain (CATD; 
Foltz et al., 2009; Zhou et al., 201 1), which encompasses loop 1 
and a-helix 2 of the histone fold domain. A histone H3 chi- 
mera harboring the CATD localizes to centromeres in human 
cells (Black et al., 2007) and can bind to HJURP (Foltz et al., 
2009). In Drosophila, the CATD region is critical for CENP-A 
centromeric localization (Vermaak et al., 2002). However, an 
H3 CATD chimera cannot localize to centromeres (Moreno- 
Moreno et al., 2011); CAL1 could recognize other residues 
within CENP-A (in addition to the CATD), or CENP-A recog- 
nition could occur through different sites on CENP-A. 

In addition to identifying CAL1 as the fly-specific CENP-A 
chaperone, our work also elucidates the mechanism of CAL1 
centromeric recruitment. CENP-C has been shown to be stably 
associated with the centromere in humans and Drosophila 
(Hemmerich et al., 2008; Mellone et al., 201 1), and to be involved 
in recruiting Misl8BP in humans (Moree et al., 2011) and the 
KMN network in humans and flies (Gascoigne et al., 2011; 
Przewloka et al., 2011; Screpanti et al., 2011). In human cells, 
depletion of CENP-C has a modest effect on CENP-A localiza- 
tion (Carroll et al., 2010), whereas CENP-C is critical for CENP-A 
localization in flies (Erhardt et al., 2008). We show that one essen- 
tial role of Drosophila CENP-C is to recruit CAL1-CENP-A-H4 
at the centromere. Because Drosophila lacks homologues of 
the Misl8BP/hKNL2 protein, which in Xenopus is recruited by 
CENP-C and is required for HJURP centromeric localization 
(Moree et al., 201 1), it appears that Drosophila harbors a simpler 
centromere assembly pathway in which both chaperone activity 
and centromere-recognition modules coexist within the same 
protein, namely CALL Regardless of these differences, this study 
demonstrates a striking similarity between the mechanisms of 
centromere assembly in vertebrates and flies. 

Materials and methods 

Constructs and cell lines 

pMT-CALl-GFP-Lad and pMT-CENP-C-GFP-Lad were generated by re- 
placing CENP-A from the pMT-CENP-A-GFP-LacI construct (Mendiburo 
et al., 201 1) with PCR-amplified CAtl and CENP-C using Spel and Notl 
sites. N-terminal truncation constructs with GFP-Lacl were obtained by PCR 
amplification of CAtl sub-regions and cloning into the pMT-GFP-LacI vector 
using Spel and Notl restriction enzymes (New England Biolabs, Inc.]. 

pMT-GFP-tacl-CENP-C was generated by removing the stop codon 
at the end of Lacl from the pMT-GFP-LacI construct (Mendiburo et al., 201 1 ] 
by site-directed mutagenesis using the QuikChange Lightning Site-Directed 



Mutagenesis kit (Agilent Technologies) and inserting PCR-amplified CENP-C 
downstream of Lacl using Xbal and Pmel restriction sites. 

pMT-mCherry-Lacl-CENP-C was generated by replacing GFP with 
PCR-amplified mCherry using Spel and Xmal sites in the pMT-GFP-Lad- 
CENP-C construct. All vectors were verified by sequencing. 

S2 cells were grown as described previously (Mellone et al., 201 1 ). 
Stable cell lines were generated by transfecting lacO cells (Mendiburo 
et al., 201 1) using FuGENE HD Transfection Reagent (Promega) with the 
pMT vectors above followed by double selection with puromycin and hy- 
gromycin. After stable lines were established they were verified by Western 
blot and IF analyses. 

For transient transfections, 2 x 1 0 6 cells were plated in 6-well plates 
and transfected using FuGENE HD Transfection Reagent and plasmid 
DNA. Cells were incubated for 2 d, after which 500 urn CuS0 4 was 
added followed by a 24-h incubation. Cells were then harvested and used 
for Western blot or IF analyses. 

Metaphase chromosome spreads and IF 

2 x 10 5 of CuS0 4 -induced cells were treated with 0.5 ug/ml colcemid 
(Sigma-Aldrich) for 1 h to induce mitotic arrest. Mitotic cells were pelleted 
for 5 min at 600 g at room temperature and resuspended in the hypotonic 
solution, 250 ml of 0.5% sodium citrate followed by incubation for 8 min. 
After incubation, cells were placed in a cytofunnel and spun at 1,200 rpm 
for 5 min using a cytocentrifuge (Shandon Cytospin 4; Thermo Fisher Sci- 
entific). Cells were immediately fixed in 3.7% formaldehyde in PBS-T (PBS 
with 0. 1 % Triton X-l 00) for 1 0 min, washed three times in PBS-T for 5 min 
with gentle rocking, and then blocked in 5% milk in PBS-T for 20 min. 30 pi 
of PBS-T 5% milk containing the appropriately diluted primary antibodies 
was applied on the area of the slide containing the fixed cells, covered 
with a square of Parafilm, and incubated in a humid chamber overnight at 
4°C. Slides were washed three times for 5 min in PBS-T, with gentle rock- 
ing, followed by incubation with 30 pi of PBS-T 5% milk containing diluted 
secondary antibodies (1:500 dilution; all Alexa-conjugated antibodies 
from Molecular Probes) for 45 min at room temperature in a humid cham- 
ber. Slides were washed three times for 5 min in PBS-T, with gentle rocking, 
and were then mounted on coverslips with SlowFade Gold Reagent (Invit- 
rogen) containing 1 pg/ml DAPI and sealed with clear nail polish. 

The antibodies used were as follows: anti-CENP-A (chicken, 1 :500; 
Blower and Karpen, 2001), anti-CENP-C (guinea pig, 1 :500; Erhardt et al., 
2008), anti-GFP Alexa 488-conjugated (rabbit, 1:100; Invitrogen), anti- 
Ndc80 (chicken, 1 :200; a gift from T. Maresca, University of Massachusetts 
Amherst, Amherst, MA), anti-tubulin (mouse, 1 :500; Sigma-Aldrich), anti- 
Mad2 (rabbit, 1 :500; a gift from C. Sunkel, IBMC, Porto, Portugal), and 
anti-HA (mouse, 1 :500; Covance). 

Kinetochore-microtubule attachment assay 

10 5 stable CALI-N-GFP-Lacl and GFP-Lacl lacO S2 cells were incubated 
with 20 mM MG132 for 1 h at 25°C and then followed by the addition of 
1 00 nM taxol (Sigma-Aldrich) for 3 h. Cells were placed in a cytofunnel and 
spun at 1 ,500 rpm for 5 min using a cytocentrifuge (Shandon Cytospin 4; 
Thermo Fisher Scientific). Cells were immediately fixed in 3.7% formaldehyde 
in PHEM (60 mM Pipes, 25 mM Hepes, pH 7.0, 10 mM EGTA, and 4 mM 
MgSOJ for 1 2 min, washed three times for 5 min in PBS-T (PBS with 0.5% 
Triton X-l 00), and processed for IF. 

Western blot and cell extracts 

Cell lysates were prepared from 10 6 induced cells in 15 pi RIPA buffer 
(1 50 mM NaCI, 50 mM Tris, pH 8, 1 % NP-40, and 0. 1 % SDS) and kept on 
ice for 1 0 min, followed by incubation with 1 pi of benzonase (EMD Millipore) 
for 20 min at 37°C. Extracts were separated by 10% SDS-PAGE and trans- 
ferred to nitrocellulose membranes. After a 30-min block in TBS-T/5% milk 
(TBS, 0. 1 % Tween 20, and 5% powder nonfat milk), membranes were incu- 
bated overnight at 4°C with anti-CALl (rabbit, 1:1,000; Erhardt et al., 
2008), anti-CENP-A (rabbit, 1:1,000; a gift from G. Karpen, Lawrence 
Berkeley National Laboratory and University of California, Berkeley, Berkeley, 
CA), anti-CENP-C (guinea pig, 1:3,000), and anti-Lad (mouse, 1:100; 
EMD Millipore). Anti-a-tubulin (mouse, 1:3,000; Sigma-Aldrich) was used 
as a loading control. 

Imaging and quantification 

Images were taken at 25°C on a microscope (PersonalDV; Applied Preci- 
sion) equipped with a 60x/l .42 NA or a 100x/l .40 NA oil immersion 
objective (Olympus) and a CoolSnap HQ 2 camera (Photometries), keeping 
exposure conditions constant between all samples. Images were acquired 
and processed in softWoRx (Applied Precision), maintaining the scaling con- 
stant between samples, and saved as PSD files. Figures were assembled in 
Adobe Illustrator. 
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Time-lapse videos were performed on a PersonalDV microscope 
using a 60x/l .42 NA objective at 25°C. CALI-GFP-Lacl and H2B-RFP 
were cotransfected in 2 x 10 6 lacO S2 cells and S2 cells without the lacO 
array using FuGENE HD Transfection Reagent (Promega]. After 48 h, cells 
were induced with CuS0 4 for 24 h. The induced cells were mounted using 
the hanging drop method (Heun et al., 2006). Cells were imaged every 
3 min until cytokinesis for a total of ~1 h. 

Raw images were deconvolved using the "conservative" method 
(5 iterations) in softWoRx and inspected to manually determine the pres- 
ence of the GFP-Lacl fusion protein on the arms of chromosomes 2 or 3. 
Only chromosomes showing ectopic GFP-positive sites were scored for 
the presence or absence of centromere/kinetochore proteins. 

The quantification of endogenous versus ectopic CENP-A signal was 
done using the 2D Model function in softWoRx on deconvolved and quick- 
projected images. Polygons were generated for individual pairs of chromo- 
somes in the CENP-A channel to select either the centromeric or ectopic 
pair of CENP-A dots. The resulting values were used in calculating the ratio 
of CENP-A signal on endogenous and ectopic centromeres on sister chro- 
mosomes. For the washout experiments, the signal intensities were calcu- 
lated by averaging the two centromeric and the two ectopic spots and by 
calculating the following ratio: ectopic CENP-A average/endogenous 
CENP-A average. All statistics were done using either InStat or Prism 
(GraphPad Software); P-values were calculated using Fisher's exact test un- 
less stated otherwise. 

Washout of CAL1 -GFP-Lacl from cells 

Stable CAL1 -GFP-Lacl lacO S2 cells were seeded on 6-well plates and in- 
duced with 500 pM CuS0 4 for 24 h (day 0). Cells were washed twice with 
2 ml of new Schneider's medium (Invitrogen), followed by the addition of 2 ml 
of new medium. Cells were incubated for 8-1 0 d and harvested every day 
(to determine when CAL1 -GFP-Lacl disappears by IF on whole-mount cells) 
or every two days (to be processed for metaphase chromosome spread 
preparation and IF). The cells were re-plated in a new well to maintain ap- 
propriate cell density every 4 d. Cell counting confirmed that these cells were 
dividing approximately every 24 h in these conditions. 

For the HA-CENP-A experiment, 24 h after adding 500 pM CuS0 4 , 
cells were washed out as above and incubated for two days after which 
2 x 1 0 6 cells were transfected with pcopia-HA-CENP-A (plasmid modified 
from Erhardt et al., 2008) using the FuGENE HD Transfection Reagent 
(Promega). Three days after transfection, metaphase spreads were pre- 
pared for IF with anti-HA, CENP-C, and GFP antibodies. Spreads from 
transfected cells (showing HA-CENP-A at the endogenous centromere) 
were inspected for the presence of CENP-C at the ectopic site. Lack of GFP 
signal was also confirmed, after which the presence or absence of HA- 
CENP-A at the ectopic site was determined by eye. 

RNA interference 

Templates for dsRNA production were generated by PCR from Drosophila 
melanogaster wl 1 18 genomic DNA. All control RNAi experiments used 
double-stranded RNA complementary to backbone sequences of the pcopia- 
LAP-CID plasmid ("scrambled"). 

RNA was synthesized using the MEGAscript 17 kit (Ambion) follow- 
ing the manufacturer's instructions. 1 0 6 cells in 6-well plates were transfected 
with DOTAP (Roche) complexed with 1 0 ug of dsRNA overnight, after which 
medium was replaced. Three days later, RNAi-treated cells were induced 
with 500 pM of CuS0 4 for 24 h, collected, and processed for indirect IF 
analysis or Western blots. All experiments were repeated at least twice. 

RNAi of CAL1 was performed as above in S2 lacO cells followed 
by transient transfection with the GFP-Lacl-CENP-C vector 24 h later. 48 h 
after transfection cells were induced and then analyzed as above. 

RNAi of CENP-C was performed using stable CALI-GFP-Lacl lacO 
cells for 4 d, after which cells were induced with CuS0 4 and processed 
as above. 

The primers used for RNAi were: R-Scrambled, 5 '-TAATACGACTCA- 
CTATAGGGCCGCGGGTTCCTTCCGGTA-3'; F-scrambled, 5'-TAATACGA- 
CTCACTATAGGGCAAGAGCTTGGCGGCGAAT-3 ' ; F-CENP-C, 5'-TAAT- 
ACG ACTC ACTATAGGGCTGGTAAACTATTTGGGTCTCT-3 ' ; R-C E N P-C , 
5 '-TAATACGACTCACTATAGGGCGGTACCAGTTCGTTCTCCA-3 ' ; F-CAL1 , 
5 '-TAATACGACTCACTATAGGGCTGGATGCCAGGAAAGTTAGT-3 ' ; R-CAL1 , 
5 '-TAATACGACTCACTATAGGGCCTATAGGGATTGTTGATATCAGC-3 ' ; 
F-PPA, 5'-TAATACGACTCACTATAGGGCGCAGAGCTGACCGGTCTTAG3'; 
R-PPA, 5 '-TAATACGACTCACTATAGGGCGCAAAC AATGAGGCACAC AC-3 ' . 

IF-FISH 

After performing IF on metaphase spreads as described above, slides were 
fixed again in 4% formaldehyde/4x SSC (20x SSC: 3.0 M NaCI and 0.3 M 



sodium citrate) for 10 min, followed by three 4x SSC washes and two 
washes in PBS-T (0.1% Triton X-100), and were then air dried. Spreads 
were immersed horizontally in 4x SSC, 0.1% Tween 20, and 100 pg/ml 
preboiled RNase A and incubated at 37°C for 1 h. After one wash in 
water, spreads were dehydrated sequentially in 70, 90, and 100% ethanol 
baths at — 20°C. After air drying, the spreads were denatured on a heat- 
ing block as follows: 60°C for 5 min; 70°C for 30 s, at which point a de- 
naturing solution (2x SSC, 70% formamide) was applied, covered with a 
glass coverslip, and incubated at 70°C for 2 min. Spreads were dehydrated 
sequentially in 70, 90, and 100% ethanol baths at — 20°C and air dried. 
20 pi of a 1 :5 dilution of the lacO FISH probe (first boiled then moved to 
an ice bath) was applied, sealed with rubber cement under an 1 8 x 1 8-mm 
glass coverslip, and incubated in a humid chamber at 37°C in the dark for 
48 h. Slides were washed twice in 0.05x SSC at 42°C, followed by two 
30-min washes at 37°C in BT buffer (0.05% BSA, 0.15 M NaHCOs, and 
0. 1 % Tween 20, pH 7.5). The spreads were mounted in Slowfade (Invitro- 
gen) containing 1 ug/ml DAPI. The lacO probe was generated by random 
priming of the placO plasmid using the Prime-It II kit (Agilent Technologies) 
and Cy3-dCTP (Thermo Fisher Scientific). After labeling, the probe was pu- 
rified using the MinElute kit (QIAGEN), precipitated, and resuspended in 
hybrizol (MP Biomedicals) to which 20 ug of salmon sperm DNA (Invitro- 
gen) was added. 

Co-expression and purification of CAL1, CENP-A, and H4 

pCDFDuet-CALl (residues 1-160 or 1-200), pRSFDuet-CENP-A (residues 
101-225 or 144-225), and pET22b-H4 (residues 1-103 or 22-103) were 
transformed into £. coli codon-plus BL21 DE3 RIL. Cells carrying the three 
plasmids were grown in 2x TY medium with 50 pg/ml ampicillin, 30 ug/ml 
kanamycin, 50 pg/ml spectinomycin, and 34 pg/ml chloramphenicol. 
When the culture reached an OD 60 o of 0-5, the temperature was shifted from 
37°C to 25°C and induced overnight with 0.4 mM IPTG. The cell pellet was 
suspended in a buffer (25 ml/1 L of culture) consisting of 50 mM sodium 
phosphate, pH 8, 300 mM NaCI, and 1 0 mM imidazole, and lysed by in- 
cubating with 1 mg/ml lysozyme for 1 h at room temperature, followed by 
sonication. After spinning the lysate at 27,000 g for 30 min, the soluble 
fraction was concentrated and loaded to a Ni-NTA column. After washing 
unbound proteins with the above buffer containing 20 mM imidazole, the 
sample was eluted by a linear gradient of 20-500 mM imidazole. The sam- 
ple was then further purified by gel filtration. 

Purification of CAL1 and histones 

The CAL1 gene was synthesized and codon optimized for expression in 
E. coli (Genewiz, Inc.). CAL1 constructs (1-80, 1-96, 1-132, 1-111, 
1-160, 1-200, and 1-408) were subcloned into plasmid pHAT2 and/or 
pCDFDuet-1 with or without N-terminal His 6 tag. 

CAL1 constructs were expressed in the E. coli codon-plus BL21 DE3 
RIL strain. CAL1 1-408 was purified by Ni-NTA under denaturing conditions. 
CAL1 1-200 was purified from inclusion bodies by ion-exchange chromatogra- 
phy. Inclusion body preparation was performed as described previously for 
histones (Luger et al., 1 997). In brief, the cell pellet from a 4-L culture was re- 
suspended in 100 ml wash buffer (50 mM Tris-HCI, pH 8, 100 mM NaCI, 
1 mM benzamidine, and 1 mM (3-mercaptoethanol [BME]). Cells were then 
lysed with 1 mg/ml lysozyme by incubating on ice for 1 h. The cell lysate was 
sonicated and spun at 1 0,000 rpm at 4°C. The pellet was washed twice with 
wash buffer containing 1 % Triton X-l 00 followed by re-suspension in wash 
buffer without 1 % Triton X-l 00. The remaining pellet was further extracted 
with a buffer containing 6 M guanidine-HCI, 1 0 mM Tris-HCI, pH 8.8, and 
1 mM DTT. After spinning the sample at 27,000 g, the soluble fraction was 
buffer exchanged to 7 M urea, 20 mM Tris-HCI, pH 8.8, 1 mM EDTA, 50 mM 
NaCI, and 5 mM BME by using a desalting column (HiPrep 26/10; GE 
Healthcare) and purified by ion exchange using a HiPrep Q FF column under 
denaturing conditions. Both CAL1 1-200 and CAL1 1-408 were dialyzed against 
water with 5 mM BME and lyophilized followed by refolding into soluble state 
as described previously for Scm3 (Dechassa et al., 201 1 ). In brief, after 
dissolving CAL1 1-200 or CAL1 1-408 in denaturing buffer consisting of 7 M 
guanidine-HCI, 20 mM Tris-HCI, pH 8, 1 mM EDTA, 5 mM DTT, 20% glycerol, 
and 0.01% NP-40, proteins were refolded by dialyzing against a buffer com- 
posed of 20 mM Tris-HCI, pH 8, 0.24 TCEP, 300 mM NaCI, 0.2 mM PMSF, 
0.3 mM benzamidine, 20% glycerol, and 0.01% NP-40. 

The N-terminal constructs of CAL1 (1-80, 1-96, 1-111, 1-132, and 
1-160) were purified by Ni-NTA under native conditions. After cells were 
grown to an OD600 of 0.5 at 37°C, the temperature was lowered to 25°C and 
expression was induced with 0.4 mM IPTG overnight. The pelleted cells were 
suspended in lysis buffer (25 ml/1 L culture; 50 mM sodium phosphate, pH 8, 
500 mM NaCI, 10% glycerol, 1 M imidazole, and protease inhibitor mix), 
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and lysed by 1 mg/ml lysozyme at room temperature for 1 h. The lysate was 
sonicated and spun at 1 8,000 rpm (JA-20 rotor; Beckman Coulter) for 45 min. 
The soluble fraction was bound to HisTrap HP (GE Healthcare) in lysis buffer 
with 1 mM PMSF and 0.5 mM benzamidine replacing the protease inhibitor 
mix, and eluted by a linear gradient of 25-1 ,000 mM imidazole. After dilut- 
ing the salt to 1 50 mM, the samples from the HisTrap were bound to a MonoQ 
ion exchange column equilibrated with 20 mM Tris, pH 7.5, 0.5 mM EDTA, 
10% glycerol, 1 mM DTT, 0.5 mM PMSF, and 0.5 mM benzamidine, and 
eluted with a linear gradient of NaCI from 1 50 to 1 ,000 mM. Samples from 
the MonoQ column were further purified by gel filtration (Superdex 75; GE 
Healthcare) using buffer containing 20 mM Tris, pH 7.5, 1 mM EDTA, 10% 
glycerol, 300 mM NaCI, and 0.5 mM TCEP. 

Drosophila melanogaster histones H3, CENP-A 101-225 , CENP-A 144-225 , 
H4, H4 22 " 103 , H2A, and H2B were purified and refolded into tetramer, 
dimer, and octamer as described previously (Luger et al., 1997). In brief, 
CAL1 (residues 1-160, 1-200, or 1-408), CENP-A (residues 101-225 or 
144-225), and H4 (residues 1-103 or 22-103) were unfolded in a buffer 
consisting of 6 M guanidine-HCI, 20 mM Tris-HCI, pH 7.5, and 1 mM DTT. 
Equimolar concentrations (100 uM) of unfolded CAL1, CENP-A, and H4 
were mixed and dialyzed against refolding buffer (20 mM Tris-HCI, pH 7.5, 
1 M NaCI, 1 mM EDTA, and 5 mM BME). The refolded samples were fur- 
ther purified by gel filtration and analyzed by SDS-PAGE. 

Plasmid supercoiling assays 

The nucleosome assembly activity of CAL1 was examined using a plasmid 
supercoiling assay previously used for Scm3 (Dechassa et al., 201 1). In 
brief, histones, CENP-A, and CAL1 were expressed in bacteria and puri- 
fied as described above. CENP-A 101-225 -H4 or H3-H4 tetramers and H2A- 
H2B dimers were deposited onto a relaxed circular plasmid (pGEM3Z-601 
or pCR2.1-4 [CEN3+CEN6]) using yeast Napl or CAL1 polypeptides 
(aa 1-96, 1-132, 1-160). 0.8 ug of histone proteins (tetramer with or 
without H2A-H2B dimer) were preincubated with 1-8 uM yeast Napl or 
CAL1 polypeptide at room temperature for 1 0 min. After the relaxed circu- 
lar plasmid (0.8 ug histone complex: 0.4 pg DNA) was added, the reac- 
tion was incubated for 2 h at 37°C. The reaction was further incubated for 
1 h after addition of wheat germ topoisomerase I (Promega). The sample 
was deproteinized, and the DNA was extracted and analyzed for super- 
coiling on a 1% agarose gel. Positive and negative plasmid supercoil- 
ing was differentiated by running the samples on 1 % agarose gel in presence 
of 1 pg/ml chloroquine (Clark and Leblanc, 2009), and by two-dimensional 
gel electrophoresis in which the gel was run in the absence of chloroquine 
in the first dimension followed by running in the presence of 10 pg/ml 
chloroquine in the second dimension (Peterson et al., 2007; Tachiwana 
etal., 201 1). 

MNase protection assays 

CENP-A nucleosomes were assembled by Napl or CAL1 1-160 under low 
salt buffer conditions (10 mM Tris-HCI, pH 7.5, 270 mM NaCI, 2% glyc- 
erol, 60 pg/ml BSA, 0.75 mM EDTA, and 0.1 mM DTT) on the 147-bp 
Widom 601 DNA sequence. To assemble CENP-A nucleosomes, Drosoph- 
ila CENP-A 10, - 225 -H4-Cair- 160 (3.8 pM), Alexa Fluor 488-labeled H2A- 
H2B (2.5 pM), and 147-bp Widom 601 DNA (0.72 pM) were mixed and 
incubated for 1 h under low salt buffer conditions. Similarly, Napl-mediated 
assembly of H3 and CENP-A nucleosomes was conducted by incubating 
H3-containing octamers (2.8 pM) or CENP-A-containing octamers (3.8 pM) 
with 147-bp DNA (0.72 pM). Under these conditions (270 mM NaCI and 
3-5 molar excess histone proteins over DNA) nucleosomes assembly is 
Napl dependent or CAL1 dependent. The nucleosomes were analyzed by 
6% native PAGE and stained by SYBR gold; the incorporation of H2A-H2B 
was confirmed by fluorescence imaging of the gel for Alexa Fluor 488. 
MNase digestion of nucleosomes was conducted by incubating nucleo- 
somes (~60 nM) with 2,000 U/ml MNase (New England Biolabs, Inc.) for 
30-1 20 s. After the reactions were stopped by addition of 20 mM EDTA, 
the samples were treated with 2% SDS and 0.4 mg/ml proteinase K for 
30 min at 55°C. The DNA was extracted by phenol/chloroform, ethanol 
precipitated, and analyzed on 6% native PAGE. The size of the DNA pro- 
tected was determined using a DNA standard curve. 

Online supplemental material 

Fig. SI shows the protein levels of CAL1 -GFP-Lacl, endogenous CAL1, 
CENP-A, and CENP-C before and after induction with CUSO4 in S2 cells. 
Fig. S2 shows the localization of CAL1 -GFP-Lacl and GFP-Lacl in interphase 
S2 cells. Fig. S3 shows the percentage of GFP-positive and GFP-negative 
cells in a time course post-washout. Fig. S4 shows the localization of 
CALI-N-GFP-Lacl and CALI-C-GFP-Lacl in interphase S2 cells. Fig. S5 



shows the purity of CAL1 , - ,6 °, CENP-A 144-225 , and H4 22-103 coexpressed 
in bacteria; the gel filtration elution profile and corresponding SDS-PAGE 
of the CAL1 , - 80 , CENP-A 144-225 , and H4 22-103 complex; the purity of CAL1 1-96 , 
CAL1 1-132 , and CAL1 1-160 purified under native conditions; and the native 
PAGE of H3 and CENP-A mononucleosomes assembled on the Widom 
DNA in the presence of Napl or CAL1 1-16 °. Video 1 shows accurate 
chromosome segregation in a mitotic S2 cell expressing CALI-GFP-Lacl 
and H2B-RFP. Video 2 shows a stretched chromosome in a mitotic lacO- 
containing S2 cell expressing CAL1 -GFP-Lacl and H2B-RFP. Online sup- 
plemental material is available at http://www.jcb.org/cgi/content/full/ 
jcb.201305036/DCl. 
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